PURPOSE. Investigate the impact matrix metalloproteinase 14 (MMP14) delivered via exosomes produced by corneal fibroblasts on vascular endothelial growth factor receptor 1 (VEGFR1) cleavage on endothelial cells, and other key processes of angiogenesis.
M atrix metalloproteinase 14 (MMP14) is primarily a membrane-anchored Zn 2þ
-dependent MMP enzyme that can degrade extracellular matrix (ECM) proteins including type I, II, III, and IV collagens, fibronection, vitronection, laminin, fibrin, and proteoglycan. [1] [2] [3] As a membrane-bound protein, MMP14 has a limited function, but other MMPs that are secreted from the cell have various functions. 4, 5 MMP14 expression has been demonstrated in a wide variety of human tissues including lung, kidney, ovary, spleen, intestine, prostrate, and placenta, and has been implicated in tissueremodeling events such as invasion and migration. 6 MMP14 becomes concentrated in lamellipodia in normal cells and invadipodia in cancer cells, where it creates a path through the surrounding tissues by degrading ECM and enhancing cell migration. 7 MMP14 has been shown to activate MMP2 and bind to its natural inhibitor tissue inhibitor of metalloproteinases 2 (TIMP2). TIMP2 recruits pro-MMP2 to form a tri-molecular complex on the cell surface. 8 Interestingly, active MMP2 expression is reduced but not eliminated in MMP14-null mice, 9 which suggests that alternative mechanisms may exist including those involving MMP15 and MMP16. 10, 11 Expression of MMP14 has been observed during the proliferation, invasion, and metastasis of cancer cells in numerous cancer types. Transcriptional changes during tumor formation have been associated with upregulation of MMP14, which also upregulates vascular endothelial growth factor (VEGF) production for tumor formation. 12 Previous studies indicated that with MMP14 knock-out in a mouse model, the implantation of a basic fibroblast growth factor (bFGF) pellet within the cornea no longer resulted in neovascularization in the mouse cornea. 13, 14 Moreover, bFGF-induced VEGF production was reduced in MMP14 knock-out corneal fibroblasts compared with that in wild-type corneal fibroblasts.
14 These findings are consistent with studies showing that MMP14 regulates transduction signaling via modulation of receptor tyrosine kinases (RTKs), including FGF receptor 2 (FGFR2) through ADAM9, and cleavage of VEGF receptor 1 (VEGFR1).
exocytosis from almost all types of cells-including immune cells, epithelial cells, tumor cells, nerve cells, embryonic cells, and corneal stromal cells-both under normal and pathological conditions. 21 Exosomes are also abundantly found in bodily fluids like saliva, urine, blood, semen, amniotic fluid, synovial fluid, ocular fluid, pleural effusion, and breast milk. In recent years, exosomes have been found to act as important messengers among cells, transferring miRNA, lipids, and proteins between cells. 22 Exosomes are quite unique in their lipid and protein content, depending upon the cell type from which they originate. 23 Thus, exosomes play roles in diverse physiological processes. 24 Such diversity makes understanding the formation, content, and functions of exosomes challenging but also suggests their therapeutic potential based on the possibility of specific targeting of tumor cells and delivering various effectors to specific cells.
VEGFR1 is a member of the RTK family, and its involvement in angiogenesis and lymphangiogenesis is well established. 25 This receptor consists of an extracellular ligand-binding domain, with seven immunoglobulin-like motifs, a single transmembrane domain, a kinase domain split by a kinase insert, and a carboxyl terminus. 26 Although VEGFR1 is an RTK, its kinase activity is relatively weak. However, its binding affinity for its ligand, VEGFA, is approximately 10 times stronger than that of VEGFR2. 25 Thus, VEGFR1 commonly acts as a decoy receptor for VEGFR2. 27 VEGFR1 activity is first observed as early as embryogenesis when it recruits VEGFA to the cell membrane and plays an inhibitory role in embryonic vasculogenesis.
28 VEGFR1 is expressed in vascular endothelial cells (VECs), monocytes and macrophages, 29 and with the loss of VEGFR2, the embryonic endothelial cells are grossly disorganized and abnormally overgrown in blood vessels.
30
VEGFR1 has been found to be a positive regulator of monocyte and macrophage migration and a positive or negative regulator of VEGFR2 signaling capacity, depending upon the pathological or normal conditions. 31 Furthermore, soluble VEGFR1 (arising via alternative splicing, or proteolysis by a catalytic enzyme) can trap VEGF and serve as a specific antagonist of VEGF function. 15, 32 Thus, VEGFR1 has been found to function in signaling pathways that promote angiogenesis as well as in pathways that inhibit angiogenesis. 16, 31 However, it remains unknown whether the opposing effects of VEGFR1 on VEGFR2 activity occur in the same or different types of endothelial cells and under the same or different pathological conditions.
Corneal neovascularization is the process of new blood vessel growth into avascular corneal tissue in response to insults such as corneal ulcers, inflammation related to infection, chemical injury, and corneal transplantation. 33 The presence of blood vessels in the deeper or superficial stroma causes problems to corneal transparency and optimal vision. 34 It was reported that MMP14 is overexpressed in the corneal stroma corneal wound healing and corneal neovascularization. 35 Our previous studies have suggested that MMP14 may be involved in the regulation of tyrosine kinase activity, specifically that of VEGFR1 on human umbilical vein endothelial cells (HUVEC). 15, 16 Once VEGFR1 is cleaved on the surface of HUVEC by MMP14, these cells can be induced to undergo VEGFA-induced cell mitogenesis, migration, and invasion through breakdown ECM. Since our discovery that exosomes from mouse corneal fibroblasts contain MMP14, 36 we have remained interested that these nanoparticles may influence corneal neovascularization. As a follow-up to our studies showing the pro-angiogenic activities of MMP14, research was needed to determine whether MMP14 delivery via corneal fibroblast-derived exosomes to endothelial cell has proangiogenic effects. Previous studies have revealed key information about exosome generation, secretion, fusion to target cells, and bio-molecular composition.
37,38 MMP14 was even identified as an exosome-associated protein, 39 but its function remained unclear.
In our previous study, we investigated exosomal transport of MMP14 and its target, MMP2, from corneal fibroblasts to VECs as a possible mechanism governing MMP14 activity in corneal angiogenesis. 36, 40 We found that HUVEC and calf pulmonary artery endothelial cells (CPAEC) readily absorb MMP14-containing exosomes isolated from corneal fibroblasts in vitro. 36 We also found that MMP14 is enriched in exosomal fractions of corneal fibroblasts. Moreover, loss of the MMP14 enzymatic domain results in accumulation of pro-MMP2 protein in exosomes, whereas MMP2 was almost undetectable in exosomes from MMP-14 null fibroblasts. 36 The results of our previous research were important in establishing the capability of corneal fibroblast-secreted exosomes to transport proteins, including MMP14, to HUVEC. The shuttling of MMP14 from corneal fibroblasts to HUVEC via exosomes during angiogenesis has important implications for the therapeutic potential of using exosomes to target angiogenic processes in the cornea.
In the present study, we hypothesized that exosomes may be agents for the modulation of VEGFR1 activity in angiogenesis. We explored a possible mechanism through which MMP14-containing exosomes induce cleavage of VEGFR1 during corneal angiogenesis. We found that exosomes could have a pro-angiogenic effect in corneal HUVEC via MMP14-mediated cleavage of VEGFR1, which would allow increased VEGFR2 activation by VEGFA.
MATERIALS AND METHODS

Cleavage of VEGFR1 by Catalytic Domain of MMP14 on HUVEC
To investigate the proteolytic activity of catalytic domain of MMP14 on VEGFR1 cleavage, levels of VEGFR1/R2 were stained with immunocytochemistry analysis after incubation with or without catalytic domain of MMP14. HUVEC (1 3 10 4 cells; ScienCell, Carlsbad, CA, USA) was seeded onto 1.5 mm circled cover glass (Thermo Fisher Scientific, Rochester, NY, USA) for 24 hours. Cells were washed 3 times with PBS and then in fresh media (EBM-2; Lonza, Allendale, NJ, USA) including 50 ng/mL of catalytic domain of MMP14 (Calbiochem, Nottingham, UK) was incubated for 4 hours. Cells were fixed with 4% of paraformaldehyde/PBS (Electron Microscopy Sciences, Hatfield, PA, USA) for 15 minutes. Fixed cells were washed 3 times with PBS and then incubated for 10 minutes with 0.5% Triton X-100/PBS (Sigma-Aldrich Corp., St. Louis, MO, USA). Cells were incubated with 10% goat serum/PBS for 1 hour at room temperature and then briefly washed with PBS. Anti-VEGFR1 (1:500 dilution; R&D Systems, Minneapolis, MN, USA), anti-VEGFR2 (1:500 dilution; R&D Systems), and anti-MMP14 (1:1000 dilution, Abcam, Cambridge, MA, USA) in 3% BSA/PBS were added to cover glass and then incubated for at 48C. Each cover glass was washed with PBST for 3 times to remove primary antibodies. FITC or 647 conjugated secondary antibodies (1:1000 dilution; Thermo Fisher Scientific) in 3% BSA/PBS was then added for 1 hour at room temperature. Cells were washed 3 times with PBST and mounted on glass slides (Thermo Fisher Scientific) with DAPI containing mounting medium (Vector Laboratories, Inc., Burlingame, CA, USA). Images were analyzed using Leica LSM 710 confocal microscopy (Leica Microsystems, Wetzlar, Germany). Fluorescence density was measured by Zen 2 software (Carl Zeiss GmbH, Oberkochen, Germany) using the histo analysis option. Arithmetic mean intensity was observed from five different images: The mean and SD values were calculated using Prism 6 software (Graphpad, San Diego, CA, USA).
Immortalized Cell Lines and Exosome Isolation
Mouse corneal fibroblast cells were generated from WT and MMP14 KO mice as described previously. 41 Briefly, excised mouse corneal stroma under surgical microscopy was incubated with Dulbecco's modification of Eagle's medium (DMEM; HyClone Laboratories, Logan, UT, USA) containing 3.3 mg/ml collagenase type II (Sigma-Aldrich Corp.) at 378C, shaking for 90 minutes. Isolated keratocytes were maintained in DMEM supplemented with 10% fetal calf serum (FCS; HyClone) at 378C in a 5% CO 2 humidified atmosphere. For immortalization, stromal fibroblasts were grown with a mixture containing polybrene (4 ng/ml) and an equal volume of pZIPTEX virus (containing SV40T antigen). To isolate exosomes from conditioned-medium (CM) from mouse corneal fibroblast cultures, we used a modified method with total exosome isolation reagent (Invitrogen, Carlsbad, CA, USA) and ultracentrifugation (Beckman Coulter, Indianapolis, IN, USA). Briefly, mouse corneal fibroblasts were maintained with DMEM containing 10% fetal bovine serum (FBS; Sigma-Aldrich Corp.) and antibiotics. Upon reaching confluence, cells were washed at least 3 times with phosphate-buffered saline (PBS). To prepare exosome-depleted FBS, FBS was ultracentrifuged at 100,000g for 18 hours, and supernatant was stored at À208C until use. Fresh DMEM, including 1% exosome-depleted FBS, was added and cell cultures were returned to the incubator. The next day, the CM was collected and cell debris and macro particles were removed by serial centrifugation at 750g for 10 minutes and 3050g for 30 minutes. The supernatant was filtered through a 0.22-lm filter (Millipore, Billerica, MA, USA). Filtered CM was concentrated using an ultra-filtration system with a 100 kDa molecular weight cut-off (MWCO) membrane (Millipore). An equal amount of total exosome isolation reagent was added, and then the samples were incubated overnight in a cold room to allow the exosomes to precipitate. Samples were centrifuged at 10,000g for 1 hour, and pellets were re-suspended in PBS. Ultracentrifugation at 100,000g for 1 hour was performed to remove the remaining total exosome isolation reagent and single proteins. The obtained pellet was stored at À808C until use. Hereafter, exosomes derived from WT fibroblasts are denoted as ''WT-derived exosomes,'' and those derived from MMP14 exon4-deficient corneal fibroblasts are denoted as ''Dexon4-derived exosomes.''
Transmission Electron Microscopy (TEM)
For analysis of the morphology of exosomes, 15 lL of isolated exosomes in PBS were dropped onto 300 mesh Formvar/ carbon coated copper grids. The mesh that absorbed the solution was stained with 2% aqueous phosphotungstic acid. Air-dried exosomes samples were observed using a JEOL JEM-1220 transmission electron microscope, operating at an accelerating voltage of 80 kV at 120,0003 magnification.
Protein Concentration
The micro BCA protein assay (Thermo Fisher, Rochester, NY, USA) was performed to measure the exosome-associated protein concentration. Exosomes were suspended in 150 lL PBS (1:10 ratio), and this solution was pipetted into a microplate well before serial dilution of BSA (range, 0-200 lg/mL) for the preparation of a standard curve. An equal volume of BCA working solution was thoroughly mixed with samples and standards. Covered plates were incubated at 378C for 2 hours. The mean and SD values were calculated from three samples for the absorbance at 562 nm on a plate reader (BioTek, Winooski, VT, USA).
In Vitro Proteolysis of VEGFR1 by Exosomes
One microgram of rmVEGFR1 or rmVEGFR2 (R&D Systems, Minneapolis, MN, USA) was incubated alone or with 1 lg of exosomes. The rmVEGFR1 and exosomes were mixed together in a total of 30 lL MMP developing buffer, including 0.02% Brij 35 (w/v) (Invitrogen) and then incubated overnight at 378C. Pan-MMP inhibitor GM6001 (Calbiochem) was used for inhibition of MMP14 enzymatic activity. Samples were incubated at 378C for 4 hours and then subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) for separation for Western blotting. Anti-His (Abcam) was used to determine rmVEGFR expression via Western blotting analysis.
Western Blotting
Samples were mixed with SDS loading dye and then boiled for 10 minutes. Samples were subjected into 4% to 20% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Separated proteins in gel were transferred to a nitrocellulose membrane (Bio-Rad) and blocked with 3% to 5% skim milk in Tris-buffered saline (TBS) for 1 hour. The membranes were first incubated with anti-TSG101 and anti-MMP14 (Abcam) diluted in blocking solution (1:1000) for 1 hour at room temperature and then with fluorescence-conjugated secondary antibody (1:5000; Li-Cor, Lincoln, NE, USA). Blots were developed using the Li-Cor Odyssey system (Li-Cor).
Chemotaxis Assays
Modified Boyden chamber assays were used to investigate VEC migration after treatment with WT-derived exosomes or Dexon4-derived exosomes. Briefly, 2 3 10 4 HUVEC (ScienCell) were seeded into the lower well of chambers containing polycarbonate membranes with 12-mm pores. The chambers were inverted and then incubated at 378C for 2 hours. Medium containing WT-derived exosomes or Dexon4-derived exosomes was added to the upper well for incubation at 378C for 4 hours. Cells that had migrated onto the membrane were fixed with methanol after nonmigrating HUVEC had been washed away. After staining with hematoxylin and eosin (H&E), the mean numbers of migrated HUVECs were counted in four wells per group on a bright field microscope (DMi1; Leica Microsystems), and SD values were calculated.
Cell Proliferation Assay
Endothelial cell growth medium including supplements (EBM-2; Lonza) was used to maintain HUVEC (ScienCell). Mouse corneal fibroblast cells were maintained with DMEM including 10% FBS (Sigma-Aldrich Corp.) under 378C, 5% CO 2 , and 95% of humidity. Three thousand cells were seeded in wells of 96-well clear-bottom plates (Millipore) with 100 lL complete medium. The next day, the culture medium was replaced with fresh media, including various concentrations (12.5-200 lg/mL) of WT-derived or Dexon4-derived exosomes. To evaluate the degree of VEGFAinduced HUVEC proliferation following exosome treatment, 100 lL fresh serum-free medium containing 5 ng/mL VEGFA or lacking VEGFA was added to each well. Bromodeoxyuridine (BrdU, 10 M; Roche, Mannheim, Germany) was added for measurement of HUVEC proliferation following the manufacturer's instructions. Incorporated BrdU was detected with anti-BrdUperoxidase-conjugated antibody, and chemiluminescence was measured using in a microplate luminometer (BioTek).
Immobilization of Exosomes Onto Latex Beads
To investigate the spatio location of MMP14 on exosomes, we used aldehyde/sulfate latex beads (Invitrogen) to capture
MMP14 in
lL of 4% of aldehyde/sulfate latex beads and incubated for 10 minutes at room temperature. Two hundred microliters of 1% BSA/PBS was added for blocking of the aldehyde/sulfate latex beads for 1 hour. Samples were washed with 1 mL PBS using centrifugation at 3050g for 5 minutes. Residual aldehyde/ sulfate was inactivated by 50 mM glycine solution. The exosomes/latex complexes were resuspended in 10 lL PBS and stored at 48C until use.
Zymography Analysis
Equal amounts of exosomes/latex complex were resuspended in 20 lL detergent free-MMP activation buffer (50 mM Tris-HCl, 50 mM NaCl, 10 mM CaCl 2 , 1 lM ZnSO 4 , pH 7.5) with a total of 50 ng of pro-MMP2 (Calbiochem). Samples were incubated at 378C for 4 hours and then mixed with 5 lL of reducing agent free-4X SDS loading dye (Invitrogen). Samples were loaded and separated on a 10% zymogram gelatin gel (Invitrogen). The zymogram gel was rinsed with deionized water and then incubated with denaturing buffer (Invitrogen) for 2 hours to remove the SDS from the gel. Each gel was incubated overnight with developing buffer (Invitrogen). Coomassie brilliant blue R-250 (Bio-Rad) was used to stain the gel, and images were taken using the ChemiDOC image system (Bio-Rad). Pro-MMP2 with only aldehyde/sulfate latex was used as a control.
FACS Analysis
Equal amounts of exosomes/latex complexes were resuspended with 100 lL of 10% normal goat serum/PBS for blocking. The exosomes/latex complexes were washed with 1 mL of 1% BSA/PBS and then incubated with FITC-conjugated MMP14 antibody in 1% BSA/PBS (1:100, Abcam) for 1 hour at room temperature. Unbound antibody was washed with 1 mL of 1% BSA/PBS three times. Exosomes/latex complexes were resuspended with 500 lL of 2.5 mM EDTA/1% BSA/PBS for FACS analysis using the Sony SH800S cell sorter (Sony Biotechnology, San Jose, CA, USA). Rabbit IgG was used as a control. Exosomes/latex complexes were separated based on forward and side scatter, and FITC parameter histograms were used to compare staining of fluorophore-conjugated MMP14 on the exosomes/latex complexes with WT versus Dexon4-derived exosomes.
In Vitro Proteolysis of Exosomes by Catalytic Domain of MMP14
One hundred micrograms of exosomes of each type were incubated with or without 0.2 lg of the catalytic domain of MMP14 enzyme (Calbiochem) in 40 lL of MMP reaction buffer for 1 hour at 378C. The MMP14 enzyme reaction was terminated by adding 4X LDS sample buffer, including bmercaptoethanol. Exosomal proteins were separated by electrophoresis using 4% to 20% polyacrylamide gel (Invitrogen) and stained by Coomassie stain solution (Bio-Rad). For mass spectrometry, proteins bands were cut off from stained SDS-PAGE gel with Coomassie blue (Bio-Rad). Samples were analyzed by the UCSD Proteomics Facility (http://bpmsf.ucsd. edu). Counts for the total spectrum from Scaffold 4 viewer software, and molecular weight and accession numbers were compared.
Statistical Analysis
Statistical analyses of immunocytochemistry, migration, proliferation, and protein concentration results were performed using Prism 6 software (GraphPad). A paired t-test was used to compare results between different groups.
RESULTS
MMP14 Cleaved Membrane-Bound VEGFR1 on HUVEC
We previously determined that VEGFR1 cleavage by MMP14 affects downstream VEGFA signaling in HUVEC. 15, 16 To determine that only membrane-bound VEGFR1 was cleaved by the exogenous catalytic domain of MMP14 and not VEGFR2 on HUVEC, we stained VEGFR1 and R2 after incubation with the catalytic domain of MMP14. Depletion of VEGFR1 was observed in the samples treated with the catalytic domain of MMP14 but not in the untreated control group (Fig. 1A) . VEGFR2 staining was observed not to be affected by treatment with the catalytic domain of MMP14 (Fig. 1B) . Further, the amount of surface VEGFR1 eliminated upon treatment with the catalytic domain of MMP14 was determined to be approximately 54% (Fig. 1C ).
rmVEGFR1 Was Diminished by WT-Derived Exosomes
Exosomes were isolated from WT and MMP14 Dexon4-deficient corneal fibroblasts. The morphology of purified WT-derived exosomes was first evaluated by TEM, and a round shape was observed ( Fig. 2A, white arrows) . In our proteolysis analysis, we found that the amount of rmVEGFR1 was reduced after incubation with WT-derived exosomes compared with that in control medium (Fig. 2B) . To determine whether this cleavage of rmVEGFR1 was caused by MMP14 within the WT-derived exosomes, pan-MMP inhibitor GM6001, a general inhibitor of MMPs was added during the incubation with WT-derived exosomes. The results showed that pan-MMP inhibitor GM6001 effectively inhibited the protease activity of WT-derived exosomes with the level of rmVEGFR1 remaining comparable to that in control conditions (Fig. 2C) . Consistent with our findings for rmVEGFR2 incubated with the catalytic domain of MMP14, the amount of rmVEGFR2 was not affected by treatment with WT-derived exosomes (Fig. 2D) , indicating that exposure to these exosomes did not result in VEGFR2 cleavage. Overall, the results of this experiment indicate that MMP14 in the WT-derived exosomes retain proteolytic activity for cleavage of VEGFR1.
Lack of VEGFR1 Cleavage Upon Exposure to
Dexon4-Derived Exosomes
To further investigate whether VEGFR1 cleavage upon exposure to WT-derived exosomes is due to MMP14 contained within those exosomes, we purified exosomes from MMP14 Dexon4-deficent corneal fibroblasts. The morphology of the Dexon4-derived exosomes was also observed by TEM, and the general shape of Dexon4-derived exosomes was similar to that of WT-derived exosomes (Fig. 3A) . Using the same proteolysis experimental design, we observed that the level of rmVEGFR1 after incubation with Dexon4-derived exosomes remained similar to that in control medium (Fig. 3B) . To confirm the absence of MMP14 in Dexon4-derived exosomes, we performed Western blotting for both WT-derived and Dexon4-derived exosomes. MMP14 was found only in WT-derived exosomes and not in Dexon4-derived exosomes, and the exosomal marker protein TSG101, as a control, was present in both exosome samples (Fig. 3C) . Taken together, our results indicate that VEGFR1 can be cleaved by MMP14 contained within corneal fibroblast-derived exosomes.
Effects of Fibroblast-Derived Exosomes on Endothelial Cell Migration and Proliferation
Boyden chamber analysis was performed to compare the chemotactic effects of WT-derived exosomes and Dexon4-derived exosomes on HUVEC. We found that HUVEC migrated toward WT-derived exosomes in a dose-dependent manner. However, Dexon4-derived exosomes did not attract HUVEC, even at a high concentration (Fig. 4A) . We then questioned whether a difference in protein concentration within the exosomes might affect the induced HUVEC migration. We first compared the size of the WT-derived exosomes and Dexon4-derived exosomes by NTA. Equal numbers of WT-derived exosomes and Dexon4-derived exosomes were used for determination of their protein content using the Micro-BCA method. The results showed that Dexon4-derived exosomes contained approximately twice as much protein as WT-derived exosomes (Fig. 4B) . We then repeated the Boyden chamber analysis with exposure of the HUVEC to different amounts of the exosomes corresponding to equal protein concentrations and observed the same induction of migration by the WTderived exosomes and lack of migration toward the Dexon4-derived exosomes (Fig. 4C) .
Next, to investigate the potential role of VEGFR1 cleavage by exosomally delivered MMP14 in VEGFA-induced angiogenesis, HUVEC proliferation was observed upon stimulation with or without 100 ng/mL VEGFA following incubation with same protein concentration of WT-derived exosomes and Dexon4-derived exosomes. We discovered that HUVEC showed greater sensitivity (and thus greater proliferation) to this low concentration of VEGFA (100 pg/mL) after incubation with WT-derived exosomes than after incubation with Dexon4-derived exosomes (Fig. 4D) . Furthermore, it was observed that exposure to Dexon4-derived exosomes delayed the proliferation of HUVEC in the absence of VEGFA stimulation (Fig. 4D) . Together, these results suggest that MMP14-containing exosomes could contribute to the induction of angiogenesis by promoting cell migration and VEGFA-induced proliferation via the cleavage of VEGFR1 on endothelial cells. 
Distribution of MMP14 on Exosomes
To characterize the spatiotemporal location of MMP14 on exosomes, we used an aldehyde/sulfate latex system to immobilize isolated exosomes. Conversion of active-MMP2 form (62 kDa) was observed after incubation of a pro-MMP2 (72 kDa) with WT-derived exosomes/latex complexes.
DExon4-derived exosomes/latex complexes or latex beads, as a control, did not show transition of pro-MMP2 to active MMP2 (Fig. 5A) . To minimize rupture of exosomes during incubation, detergent-free MMP buffer was used. To determine the external localization of MMP14 in the exosomal membrane, exosomes/ latex complexes were analyzed with anti-MMP14 antibody recognizing the enzymatic domain of MMP14 via FACS. The results in Figure 5B show a shift in the FITC-histogram between WT-derived exosomes/latex complexes and Dexon4-derived exosomes/latex complexes or latex beads, as a control. Together, these results indicated that activated MMP14 was located on the exosomal surface membrane and could activate pro-MMP2 to become active MMP2. Additionally, to investigate whether the composition of proteins in corneal fibroblastderived exosomes was affected by MMP14 enzyme activity, WTderived exosomes and Dexon4-derived exosomes were incubated with catalytic MMP14 enzyme for in vitro proteolysis analysis. We determined that some proteins bands were diminished after incubation with catalytic MMP14 enzyme according to Coomassie staining of SDS-PAGE gels (Fig. 5C , indicated with white arrows on lane 3). However, no proteins bands disappeared when WT-derived exosomes were treated with MM14 enzyme (Fig. 5C, lanes 1 and 2) . The displayed image for Dexon4 derived-exosomes after proteolysis by MMP14 enzyme (lane 4) was similar with that for WT derived-exosomes (lane 1) or even MMP14 enzyme-treated WT derived-exosomes (lane 2). The three locations (marked as white arrows in lane 3) on the gel were cut out for protein identification by mass spectrometry, which identified fibronectin (253 kDa), complement C3 (186 kDa), moesin (68 kDa), and MMP2 (74 kDa) as the proteins eliminated by MMP14 enzyme.
DISCUSSION
In the present study, we investigated whether MMP14-containing exosomes secreted by corneal fibroblasts convey enzymatic activity for the cleavage of VEGFR1. We found that the catalytic domain of MMP14 cleaves VEGFR1 and the heatinactivated catalytic domain of MMP14 lost the ability to cleave VEGFR1 in our previous studies. 15, 16 Our experiments demonstrated that WT corneal fibroblast-derived exosomes had active MMP14 enzyme that could cleave VEGFR1 in a manner similar to the purified catalytic protein. Further experiments with exosomes isolated from MMP14-exon4 deficient corneal fibroblasts (Dexon4-derived exosomes) as well as pan-MMP inhibitor GM6001 confirming that MMP14 within the WT-derived exosomes was responsible for the observed cleavage of VEGFR1.
VEGFR1 is a decoy receptor for VEGFR2 and has a weaker kinase activity but higher affinity for VEGFA than does VEGFR2 on HUVEC. Our findings that MMP14-containing exosomes cleaved VEGR1 but not VEGFR2 on HUVEC suggest that the WT-derived exosomes may promote angiogenesis by cleaving VEGFR1 to facilitated greater VEGFR2 activation upon binding of VEGFA. The physiological serum concentration of VEGF ranges from 192.8 to 242.5 pg/mL for healthy individuals. 42 However, geometric mean VEGF levels are elevated to 325.5-484.3 pg/mL in patients with conditions such as chondrosarcoma and Ewing sarcoma. 42 All VEGF receptors are structurally similar, with the seven Ig-type receptors and VEGFR1 probe having high (>95%) homology among humans, mice, and rats. 43 The homology of MMP14 also was found to be more than 92% among humans, mice, and rats. 44 Cross-reaction between WT-derived exosomes containing MMP14 could cleave VEGFR1 of human endothelial cells because of the high homology between these proteins in humans and mice. Mouse fibroblast-derived exosomes may have undesired consequences in human endothelial cells, due to the presence of mousederived biomaterials on the exosomes. However, human endothelial cells are widely used in experiments studying VEGF-induced migration and proliferation in which complexes are formed between VEGF and the full-length VEGF receptors. 45, 46 In our previous research, we observed similar results for fusion of exosomes and exosome-induced proliferation among human, mouse, and calf endothelial cells. Notably, cultured endothelial cells did not exhibit ERK activation in response to stimulation with 100 pg/mL VEGFA, but after treatment of these cells with MMP14 for VEGFR1 cleavage, ERK was dramatically activated by same concentration of VEGFA. 16 In zymography analysis to determine the activity of MMP14-containing exosomes, we found that active MMP14 was anchored on exosomes. In our study, immobilized WTderived exosomes on latex beads showed cleavage of the propeptide of MMP2 in the condition of MMP activation buffer without detergent. Furthermore, WT-derived exosomes/latex complexes were stained by anti-MMP14-FITC on FACS analysis. These results indicate that active MMP14 protein faced externally on the exosomal surface membrane. Coomassie staining revealed that Dexon4-derived exosomes had additional proteins compared with WT-derived exosomes. We found that substrates of MMP14 including fibronectin, complement C3, moesin, and MMP2 were present in diminished quantities in WT-derived exosomes. We propose that Dexon4-derived exosomes contained more proteins due to MMP14 inactivation.
Considering that MMP14 is a membrane-anchored protein, exosomes may be the perfect natural delivery vehicle for transferring active MMP14 enzyme to HUVECs for the regulation of VEGFA-induced angiogenesis via modulation of VEGFR1 levels. It is well established that corneal stroma, keratocytes are already differentiated, quiescent cells that transform into fibroblasts during corneal wound healing and neovascularization. 40, 47 In this process, MMP14-containing exosomes produced by corneal fibroblasts have pro-angiogenic activity and may provide a mechanism of cell-to-cell communication with endothelial cells. Together, the results of the present study suggest that inhibition of MMP14 and regulation of MMP14-containing exosomes are potential mechanisms by which corneal fibroblast-derived exosomes modulate VEGFR1 activity, particularly in VEGFA-induced corneal neovascularization.
